ABSTRACT A single CW infrared laser beam can simultaneously trap and excite an individual colloidal quantum dot. Though the laser light is relatively weak, the excitation occurs through two-photon absorption. This finding eliminates the demand for an excitation light source in addition to a trapping laser in nanoscale experiments with simultaneous force-manipulation and quantum dot visualization. Also, we demonstrate that optical trapping efficiencies of individual quantum dots do not correlate with their emission wavelength or physical size.
W
ith their extreme luminescence and bleaching properties, quantum dots (QDs) are desirable to use as fluorescent markers on biological specimen or nanoscale materials. [1] [2] [3] [4] Optical tweezers can trap and manipulate particles and there are continuous efforts to push the lower size limit on the manipulated particles. Metallic nanoparticles with dimensions down to 10 nm have been proven individually manipulated. [5] [6] [7] [8] [9] Aggregates of QDs have been trapped with pulsed high power lasers 10 and even individual QDs were trapped with CW infrared optical tweezers. 11 This is very useful, as a single QD can serve both for visualization and as a handle for controlled force transduction. Quantum dots can be delivered into living cells 12 and attached to individual proteins, 13 and hence, a combined visualization and force manipulation of quantum dots hold promise of quantifying intracellular nanomechanics. The QD can become excited either by absorbing one photon or by absorbing two photons simultaneously, two-photon absorption being significantly less likely to occur. Observations of two-photon absorption by colloidal QDs are relatively sparse but have been reported to occur using high-energy pulsed lasers with a peak power of 3 × 10 10 W/cm 2 . 14, 15 However, high-energy pulsed lasers are potentially harmful to biological assays. Here, we report that QDs can even become excited by two-photon absorption of relatively weak CW infrared laser light (100 mW/µm 2 ∼ 10 7 W/cm 2 ) and that the laser light simultaneously is able to trap the QDs. Also, we demonstrate how the physical constants characterizing the strength of the optical trap correlate with the physical size and emission color of individual QDs and how the twophoton absorption affects the overall polarizability of the QD.
A variety of water-soluble streptavidin-coated QDs (Invitrogen) with emission wavelengths (λ) 525, 585, 605, 655, 705, and 800 nm were used for the experiments. The QDs had CdSe or CdSeTe cores and thin ZnS shells and were stabilized with an outer layer of polymers and PEG. 17 There is no detectable difference in optical trapping properties of individual QDs uncoated or coated with streptavidin. 11 As most QDs in nanobioassays are coated to make a specific attachment possible, we carried through the present investigation using streptavidin coated QDs. We used a 50 mM sodium borate (pH 8.2) solution with 1% BSA to maximize stabilization and minimize aggregation. 11 Two types of experiments were carried out involving optical trapping and investigations of (1) aggregates of QDs or (2) individual QDs. For type (1) experiments, the QDs were diluted 1/10 2 -1/ 10 3 into the solution. For the type (2) experiments, the QDs were diluted 1/10 5 into the solution and the solution was pressed through a filter to remove aggregates. Presence of an individual QD in the trap could be monitored through time series analysis, 11 and the concentration was adjusted such that there was a typical waiting time of several minutes before an additional QD would enter the trap.
The trapping laser was a Nd:YVO 4 laser (5 W Spectra Physics Millennia, 1064 nm, TEM 00 ) implemented in an inverted Leica microscope. A quadrant photodiode (S5981, Hamamatsu), allowed for precise position detection. A Hg lamp was used for linear excitation of the QDs. The laser was focused to a diffraction limited spot by an oil immersion objective (Leica HCX PL Apo, 63×, NA ) 1.32, ∞, 0.17).
To maximize the strength of the trap in the axial direction we used an immersion oil with a refractive index of n ) 1.54 (Cargille), which efficiently canceled spherical aberrations at a depth of 5 µm. 16 However, this immersion oil turned out to be fluorescent. Hence, for type (1) experiments we used an oil objective (Leica HCX PL APO 100× NA ) 1.4 oil CS) and a nonfluorescent immersion oil (Leica with n ) 1.518). To trap and simultaneously visualize the 605 nm QD, we used a custom-made filter cube (Leica HQ420/40× + 1064, z440/1065rpc, HQ605/40 m-2p), which allowed the 420 nm light from the Hg lamp as well as the 1064 nm laser light to be reflected up to the sample and only allowed the emitted 605 nm light to be transmitted to the EMCCD (Ixon, Andor).
With the filter cube it was possible to simultaneously trap and visualize 605 nm QDs, regardless of whether the excitation source was the Hg lamp or the trapping laser alone. The picture shown in Figure 1a is the emission from an aggregate of 605 QDs trapped by the 1064 nm laser. The Hg lamp is turned off. As there are no photons available with wavelengths below 605 nm, this picture is the first proof of QD excitation mediated by two-photon absorption of the trapping laser light. Figure 1b is another optically trapped QD aggregate, but in this picture the Hg lamp is on. Hence, the emitted signal is a result of both one-photon and two-photon excitation.
Traces showing the emission signal/noise (S/N) as a function of time for individual aggregates are shown in Supporting Information Figure 1 . The exact number of QDs in one aggregate was not known, but the total intensity at the beginning of the trace probably reflects this number. Individual curves show a stepwise behavior, each step possibly signifying the bleaching of an individual QD in the aggregate. The pictures were taken at a sampling rate of 10/ s, thus integrating over several on states of the QDs in each frame. The curves in Figure 1 shows the average values of the emitted intensity as a function of time. As the aggregates consisted of a varying number of QDs, the intensity is normalized by the first value. The upper curve (red squares) is the result of two-photon excitation alone (no Hg lamp), the lower curve (gray circles) is the result of both two-photon and one-photon excitation (Hg lamp on). It is clear that the aggregates undergo bleaching over a time scale of 25 s and that bleaching is faster when both two-photon and onephoton excitation takes place.
Interestingly, we did not detect emission from the 525 nm QD while trapped by the 1064 nm laser light (no Hg lamp). This is reasonable, because two-photon absorption requires the total energy of the photons to be at least equal to the energy, E, corresponding to the emission wavelength, λ, of the QD, E ) (ch)/(λ), where c is the speed of light and h is Planck's constant. However, we did not observe 1064 nm induced emission from a 585 nm QD. This might be because the absorption of this QD is relatively low at 532 nm (as supported by the absorption spectrum of 585 nm QDs available at Invitrogen's Web site). The 605 nm QD and all QDs with λ above have a relatively high absorption of 532 nm light and all exhibit a clear and visible 1064 nm induced two-photon excitation.
To further prove the existence of two-photon-absorption of a QD that is trapped by the exciting laser beam we monitored the emitted intensity as a function of laser power, P. For a two-photon absorption, the emitted intensity, I, should scale as I ∝ P 2 (dotted line in Figure 2 ). Figure 2 shows the intensity of the emitted light from various trapped QD aggregates as a function of P. Regardless of initial aggregate size, all traces exhibit a scaling behavior characteristic of two-photon absorption.
It is important to correctly choose the QD such that it matches the given experimental goals and conditions, for example, excitation lasers and filter cubes. The emitted wavelength is dependent on the physical size of the QD. Therefore, we set out to investigate whether the trapping properties of individual QDs would vary as a function of physical size. All QDs in this present study were bought from Invitrogen who also provided the following information: 17 the emission wavelength, which is intimately related to the size and shape of the core region, the composition, and the total diameter (d) including the thin shell and the polymer coat. All these values are given in Table 1 . As a check of the external dimensions and the quality of the stock we also made TEM pictures of the QDs, see examples in Figure 3a ,b. We found the size distributions to be reasonably uniform and in agreement with the values from Invitrogen; our values are given in Table 1 also. However, as shown in Figure 3b , we found the 655 QD to have an overall elongated shape, which was not reported by Invitrogen, and the 585 nm QD was larger than expected.
From knowledge of the size of an individual QD it is possible to perform a quantitative analysis of its interaction with the electromagnetic field created by the optical trap. Optical tweezers exert a harmonic force on a trapped particle: F ) -κx, where κ denotes the trap stiffness and x is the position of the particle with respect to the center of the trap. The equation of motion of a particle performing Brownian fluctuations inside an optical trap is given by the Langevin equation. Fourier transformation of the Langevin equation gives a positional power spectrum which follows a Lorentzian function. As shown in ref 11, the power spectrum of an individual QD follows a Lorentzian function as expected. The frequency in the power spectrum that distinguishes the plateau region of slow fluctuations from the region with a slope of -2 (signifying Brownian motion for rapid fluctuations) is denoted the corner frequency, f c . f c is related to κ and to the drag coefficient, γ, of the QD, f c ) κ/(2πγ). We determined γ by Stokes law, γ ) 3πηd, where η denotes the viscosity of water. Hence, by fitting a Lorentzian function to the power spectrum, f c can be found and through knowledge of d, κ can be obtained.
For each type of QD, f c was found for at least 20 individual QDs and the laser power was kept at 100 mW at the sample. Figure 3c shows the trap stiffness, κ, as a function of QD emission wavelength, λ. Figure 3d shows κ as a function of d. As the values of d from Invitrogen deviate somewhat from the TEM determined values, we depicted κ using both values of d (with black circles and gray triangles, respectively). The trap stiffness appears constant, independent of λ or d, with an average value of (1.6 ( 0.4) × 10 -4 pN/nm (mean ( SD). This number is the same regardless of whether the Invitrogen or TEM determined values of d are used, and within the error bars it coincides with the value previously reported for an individual 655 nm QD. 11 The two-photon absorption cross section of CdSe QDs has been shown to correlated with the physical size of the QD. 18 However, this effect is not large enough that we, within the uncertainty of the experiment, can detect a size dependence of the trapping strength.
In ref 11, the polarizability of an individual QD was inferred from the measurement of κ (denoting optical trapping strength in a direction perpendicular to the propagating laser light). The relation between the polarizability R and the laser power at the sample, P, was found to be where ε is the electric permittivity of water, ε 0 ) 8.854 × 10 -12 C 2 /(Jm), σ is the standard deviation of the Gaussian intensity distribution (∼250 nm), 19 and P ) 0.1 W. The polarizability of a dielectric sphere can be theoretically estimated by the Claussius-Mossotti relation 
where ) ε/ε 0 is the square of the refractive index n. For CdSe, qd ) 6.55 20 and ) 1.74 21 for water at 1064 nm. V is the volume of the QD, which is found through knowledge of d and by assuming a spherical shape. The fact that QDs absorb the trapping laser light hints that two-photon absorption should be taken into account when estimating the polarizability of individual QDs. Absorption leads to excitation of electrons within the QD, and the electrons in the conduction band are nearly free to respond to an applied electric field. 22 Hence, the third-order nonlinear optical properties of CdSe and CdSe/ZnS core-shell QDs in solution give rise to nonlinear corrections of the index of refraction. 23 The corrected index of refraction, n c , can be written where n is the linear refractive index and γ is denoted the nonlinear refractive index. For CdSe illuminated with a wavelength of 1.06 µm, γ is found experimentally to be -1.47 × 10 -30 W µm -2 . 20 The theoretical estimates for polarizability are depicted in Figure 4 , the black squares are based on simply using n as the refractive index in eq 2, and the black circles are based on using n c , which includes the nonlinear correction. As apparent from Figure 4 , the absorption process that gives rise to the nonlinear contribution to the refractive index has only a minor effect on the total polarizability, R/ε 0 , found from eq 2. One of the hallmarks of optical trapping of dielectric objects is a linear relationship between the spring constant and the trapping laser power. As shown in Supporting Information Figure 2 , this is also true for optical trapping of two-photon excited QDs thus supporting that this nonlinear phenomenon is only a weak perturbation not altering trapping properties considerably.
We have shown that individual colloidal quantum dots can readily be excited by two-photon absorption of a relatively weak CW infrared laser that simultaneous traps the quantum dot. For an individual quantum dot, we investigated its interaction with the electromagnetic field. The trapping spring constant, κ, was independent of emission wavelength or physical size of the quantum dot. The physical size of each color of quantum dot was determined by TEM, and in two out of six colors the size or shape were significantly different than anticipated. Two-photon absorption gave rise only to a small correction of the total polarizability of an individual quantum dot. These results provide a basis for experimental design of future investigations using quantum dots and imply that only one CW laser is needed for experiments where quantum dots are to be used for nanoscale visualization, manipulation, or force transducers.
